Platinum drug-induced cross-link repair requires the concerted activities of translesion synthesis (TLS), Fanconi anemia (FA), and homologous recombination repair pathways. The E2 ubiquitin-conjugating enzyme RAD6 is essential for TLS. Here, we show that RAD6 plays a universal role in platinum-based drug tolerance. Using a novel RAD6-selective small-molecule inhibitor (SMI#9) targeting the RAD6 catalytic site, we demonstrate that SMI#9 potentiates the sensitivities of cancer cells with innate or acquired cisplatin or oxaliplatin resistance. 5-Iododeoxyuridine/5-chlorodeoxyuridine pulse-labeling experiments showed that RAD6 is necessary for overcoming cisplatininduced replication fork stalling, as replication-restart was impaired in both SMI#9-pretreated and RAD6B-silenced cells. Consistent with the role of RAD6/TLS in late-S phase, SMI#9induced DNA replication inhibition occurred preferentially in mid/late-S phase. The compromised DNA repair and chemosensitization induced by SMI#9 or RAD6B depletion were associated with decreased platinum drug-induced proliferating cell nuclear antigen (PCNA) and FANCD2 monoubiquitinations (surrogate markers of TLS and FA pathway activation, respectively) and with attenuated FANCD2, RAD6, ␥H2AX, and POL foci formation and cisplatin-adduct removal. SMI#9 pretreatment synergistically increased cisplatin inhibition of MDA-MB-231 triple-negative breast cancer cell proliferation and tumor growth. Using an isogenic HCT116 colon cancer model of oxaliplatin resistance, we further show that ␥H2AX and monoubiquitinated PCNA and FANCD2 are constitutively up-regulated in oxaliplatin-resistant HCT116 (HCT116-OxR) cells and that ␥H2AX, PCNA, and FANCD2 monoubiquitinations are induced by oxaliplatin in parental HCT116 cells. SMI#9 pre-treatment sensitized HCT116-OxR cells to oxaliplatin. These data deepen insights into the vital role of RAD6/TLS in platinum drug tolerance and reveal clinical benefits of targeting RAD6 with SMI#9 for managing chemoresistant cancers.
DNA-damaging agents used in cancer therapy induce a variety of toxic DNA lesions. DNA interstrand cross-links (ICLs) 4 are the most deleterious as they block DNA replication. If unrepaired, ICLs can lead to single-strand breaks, double-strand breaks (DSBs), and chromosomal rearrangements (1) . ICL repair is significant because it is a determining factor in the response of tumor cells to platinum-based chemotherapies (2) (3) (4) . The platinum-based drugs cisplatin, carboplatin, and oxaliplatin are widely used for treatment of colorectal, lung, head and neck, ovarian, and bladder cancers and more recently for triple-negative breast cancers (5) . Processes that allow cancer cells to survive in the face of these damaging lesions such as up-regulation of DNA damage response and DNA damage tolerance (DDT) pathways are advantageous to cancer cells (6) . Repair of platinum-induced ICLs requires activities of translesion synthesis (TLS), Fanconi anemia (FA), and homologous repair (HR) pathways (7, 8) . TLS, a major component of the DDT mechanism, constitutes a critical initial step in ICL repair as it prepares the leading template strand for repair by the HR pathway. It involves DNA synthesis over the damaged template, thus enabling cells to avoid the consequences of damage-induced replication stalling and stress.
RAD6 is a fundamental component of the TLS or postreplication repair (PRR) pathway, and its E2 ubiquitin-conjugating activity is critical for TLS/PRR. Loss of RAD6 catalytic activity or mutations in the RAD6 pathway has been linked to hypersensitivity to ionizing and UV radiations, as well as alkylating and DNA cross-linking agents, supporting its important role in DNA damage tolerance (9) . RAD6 participates in both errorprone TLS and error-free damage avoidance repair, and it plays an important role in balancing both processes (9, 10) . TLS acti-vation is dependent upon RAD6 and its cognate RAD18 E3 ubiquitin ligase, and it is initiated upon replication fork stalling by RAD6/RAD18-mediated monoubiquitination of proliferating cell nuclear antigen (PCNA) at Lys-164 (11, 12) . PCNA monoubiquitination triggers the recruitment of POL , POL , POL , or REV1 TLS polymerases (13, 14) . Monoubiquitinated PCNA facilitates recruitment of TLS polymerases via interactions with the ubiquitin-binding motifs in the TLS polymerases (15) . The human homologs of yeast RAD6, HHR6A (referred as UBE2A or RAD6A), and HHR6B (referred as UBE2B or RAD6B) proteins share 95% amino acid identity (16) and complement the PRR and mutagenesis defects of Saccharomyces cerevisiae mutant rad6 (17) . RAD6A-and RAD6B-deficient mice are nonviable, indicating RAD6 requirement for cell survival (18) . We have shown previously that RAD6B is weakly expressed in normal breast cells, and its overexpression correlates with breast cancer progression (19) . Constitutive overexpression of RAD6B in normal breast cells induces transformation and resistance to doxorubicin and cisplatin (19 -21) , whereas RAD6B-silencing renders the cells PRR-compromised and chemosensitive (21) .
The FA pathway is implicated in repair of ICL lesions as cells defective for the FA pathway exhibit hypersensitivity to ICLinducing agents (14, (22) (23) (24) (25) (26) . In response to DNA damage and replication stress, the FA core complex proteins FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, and FANCM promote monoubiquitination of FANCD2 and FANCI (surrogate markers of FA activation), which are then recruited to the damaged chromatin and coordinate DNA repair (14) . Overexpression or down-regulation of RAD6 has been shown to increase or decrease FANCD2 monoubiquitination, respectively (27) . Similarly, DNA damage-induced FANCD2 monoubiquitination is attenuated in RAD18-deficient cells (28) . These data reveal RAD6/RAD18 as a common downstream link between the FA/BRCA and RAD6 pathways in DNA damage-induced response. However, it is not well established whether FA pathway activation is regulated concurrently, proximally, or distally to the TLS pathway. Our results described here show a direct role for the RAD6 ubiquitin-conjugating activity in coordinated activation of FA and TLS pathways in cisplatin-or oxaliplatin-treated triple-negative breast cancer (TNBC) or colon cancer cells, respectively. Inhibition of RAD6 ubiquitin-conjugating activity with our novel RAD6-selective small-molecule inhibitor SMI#9 (29) or RAD6B silencing suppresses FANCD2 and PCNA monoubiquitinations, as well as cisplatin-induced ␥H2AX, PCNA, POL , FANCD2, and RAD6 foci formation. RAD6 is required for overcoming cisplatin-induced replication fork stalling as restart of cisplatinstalled replication forks is impaired in SMI#9-pretreated and RAD6B-silenced cells. Consistent with these results, in vitro and in vivo assays show that SMI#9 treatment inhibits proliferation of MDA-MB-231 TNBC cells and enhances their in vitro and in vivo sensitivity to cisplatin. Our data from an isogenic colon cancer model of oxaliplatin resistance show that oxaliplatin induces PCNA and FANCD2 monoubiquitinations in the parental HCT116 colon cancer cells, whereas these proteins are constitutively monoubiquitinated in their oxaliplatin-resistant (HCT116-OxR) counterpart. SMI#9 treatment enhances sensitivity of HCT116-OxR cells to oxaliplatin. These data imply a general role for the RAD6-RAD18 ubiquitination pathway in repair or tolerance of ICLs induced by platinum drugs and indicate RAD6 inhibition as a potentially novel strategy for treatment of chemoresistant TNBC and colon cancer cells.
Results

RAD6 inhibition sensitizes platinum-resistant cancer cells
To determine whether RAD6 inhibition sensitizes cells to platinating agents, we examined the effect of our RAD6-selective inhibitor SMI#9 (29) on cell survival in two cancer cell models. MDA-MB-231 TNBC cells exhibit intrinsic resistance to cisplatin (IC 50 12.2 M) and pretreatment with SMI#9 decreased the IC 50 of cisplatin to 2.4 M (Fig. 1A) . Similarly, RAD6B depletion by RAD6B siRNA transfection ( Fig. 1B ) decreased the IC 50 of cisplatin to 4.0 M as compared with 13 M in nontarget siRNA-transfected cells (Fig. 1C ). To determine whether the SMI#9-induced effects were selective to cisplatin, we generated oxaliplatin-resistant colon cancer cells by exposing HCT116 colon cancer cells to gradually increasing doses of oxaliplatin as described under "Experimental procedures." Oxaliplatin-resistant HCT116 cells (HCT116-OxR) exhibited an 11-fold increase in oxaliplatin IC 50 as compared with their parental HCT116 cells (13.2 M for HCT116-OxR versus 1.2 M for HCT116 parental; Fig. 1D ). SMI#9 pretreatment of HCT116-OxR cells resulted in ϳ40% reduction in cell viability. Thus, when results were expressed relative to control cells, the oxaliplatin sensitization effects of SMI#9 were only marginally discernible potentially due to elimination of SMI#9-sensitive oxaliplatin-resistant HCT116 subpopulations ( Fig. 1E ). We confirmed by colony formation assay that pretreatment with SMI#9 decreases the clonogenic potentials of MDA-MB-231 cells grown in the presence of 0.5 (p ϭ 0.0078) or 1 M (p ϭ 0.0011) cisplatin ( Fig. 1F) . Similarly, HCT116-OxR cells seeded in media containing 10 M oxaliplatin showed inhibition of colony-forming potential when exposed to 1 M SMI#9 regardless of the seeding densities (control versus SMI#9; p Ͻ 0.05; Fig. 1G ). These data suggest a general role for RAD6 in survival and tolerance of platinum-induced damage.
SMI#9 attenuates cisplatin-induced increases in ubiquitinated PCNA and FANCD2 protein levels
PCNA monoubiquitination by the RAD6-RAD18 pathway is essential for translesion synthesis of DNA (11) (12) (13) (14) (15) . The RAD6-RAD18 pathway has also been implicated in FANCD2 monoubiquitination, an essential event in repair of ICLs by the FA pathway (27, 28, 30) . To determine the role of RAD6 in cisplatin-induced DNA damage response, vehicle or SMI#9 pretreated MDA-MB-231 cells and nontarget or RAD6B siRNA-transfected MDA-MB-231 cells were treated with cisplatin for 4 h and allowed to recover for 0 -24 h after cisplatin washout (Fig. 2, A and B) . The steady-state levels of RAD6, RAD18, PCNA, FANCD2, and ␥H2AX were assessed by western blotting. Because our RAD6 antibody does not distinguish RAD6A and RAD6B proteins, the immunoreactive RAD6 detected in the immunoblots and immunostains is referred as RAD6 rather than RAD6A or RAD6B (see details under "Experimental procedures"). Although the steady-state levels of RAD6, RAD18, and nascent PCNA were not notably altered by cisplatin, bands corresponding to mono-and polyubiquitinated PCNA were detectable starting at 2 h and intensified at 24 h post-cisplatin treatment. Pretreatment with SMI#9 abrogated the cisplatin-induced increases in monoubiquitinated PCNA and partially decreased PCNA polyubiquitination ( Fig. 2A) . A replicate blot of PCNA analysis provides unequivocal evidence of SMI#9 suppression of cisplatin-induced PCNA monoubiquitination ( Fig. 2A) . These data suggest that whereas RAD6 is completely responsible for PCNA monoubiquitination, it is only partially involved in PCNA polyubiquitination as the latter modification is also mediated by other E2 ubiquitin conjugases (Ubc13/Mms2) and E3 ligases (RAD5, SHPRF, and HLTF) (31) (32) (33) . The authenticity of cisplatin-induced monoubiquitinated PCNA and its inhibition by SMI#9 was confirmed by immunoprecipitation of lysates with anti-PCNA antibody and western blotting with ubiquitin antibody (Fig. 2C ). The membranes were stripped and probed with PCNA antibody to estimate the levels of monoubiquitinated PCNA relative to PCNA input. In Fig. 2C , the 39-kDa anti-ubiquitin reactive PCNA is located at the upper edge of the broad immunoprecipitated PCNA band and hence is not discernible as a distinct species when the blot is reprobed with anti-PCNA antibody. SMI#9 treatment caused an ϳ2-fold decrease in the levels of cisplatin-induced monou- biquitinated PCNA levels at 24 h ( Fig. 2C and bar graph) . Cisplatin-induced FANCD2 monoubiquitination (30, 34) kinetics mirrored PCNA ubiquitination, and although SMI#9 treatment did not affect FANCD2 ubiquitination, it did, however, decrease the steady-state levels of ubiquitinated FANCD2 ( Fig.  2A ). Cisplatin-induced ␥H2AX paralleled PCNA and FANCD2 profiles, becoming noticeable at 2 h of recovery post-cisplatin treatment with continued increases at 24 h indicating the presence of double-strand breaks and DNA repair. Interestingly, SMI#9 pretreatment induced ␥H2AX (0-h time point, Fig. 2A ), suggesting DNA damage induction by SMI#9. However, the continued induction of ␥H2AX by cisplatin was weakened by SMI#9 pretreatment as a 60% reduction in ␥H2AX levels was observed at 24 h in SMI#9-pretreated cells as compared with the cisplatin-treated group ( Fig. 2A ). Similar analysis in two independent transfections of MDA-MB-231 cells with Smartpool RAD6B siRNAs showed dramatic declines in mono-and polyubiquitinated PCNA and ␥H2AX and FANCD2 steadystate levels as compared with nontarget siRNA control cells, whereas RAD18 and native (unmodified) PCNA levels were minimally affected ( Fig. 2B ). These data further support the involvement of RAD6 in the cisplatin-induced DNA damage response.
Next, we determined whether the SMI#9-induced effects on PCNA, FANCD2, and ␥H2AX were associated with changes in their subcellular distribution. MDA-MB-231 cells with or without SMI#9 pretreatment were treated with cisplatin for 4 h, washed, and allowed to recover for 0, 4, or 24 h, prior to preparation of cytoplasmic and nuclear subfractions. Interestingly, no differences in the levels of RAD6, RAD18, PCNA, FANCD2, and ␥H2AX proteins were observed in the cytoplasmic fractions prepared from cisplatin-treated cells with or without SMI#9 pretreatment ( Fig. 2D ). Cisplatin-induced increases in ␥H2AX, monoubiquitinated PCNA, and monoubiquitinated FANCD2 were observed in both the cytoplasmic and nuclear fractions; however, SMI#9 pretreatment only affected the cisplatin-induced responses in the nuclear compartment ( Fig.  2D ). The steady-state levels of RAD6 and RAD18 in the nuclear fractions were lower than those in the cytoplasm, and pretreatment with SMI#9 decreased the cisplatin-induced increases in nuclear RAD6 at 4 and 24 h. Whereas the cytoplasm contained a RAD18 immunoreactive band with a molecular mass of 55 kDa, the corresponding nuclear fractions contained RAD18 with molecular masses of ϳ52 and 60 kDa. Although the nucleus-specific RAD18 forms were present at very low levels, the cisplatin-mediated increase in the 52-kDa RAD18 band at 4 h was attenuated by SMI#9 pretreatment (Fig. 2D ). Consistent with these data, SMI#9 pretreatment preferentially decreased the peak levels of nuclear monoubiquitinated PCNA relative to total PCNA at 24 h post-cisplatin treatment (ratio of monoubiquitinated PCNA/total PCNA, 0.117 (control) versus 0.0557 (SMI#9 pretreatment)) but had no effect on cytoplasmic PCNA. SMI#9 pretreatment similarly inhibited cisplatin-induced accumulation of ␥H2AX in the nucleus but not in the cytoplasm. Whereas both unmodified and monoubiquitinated forms of FANCD2 were detectable in the cytoplasmic fractions, only the upper band corresponding to monoubiquitinated FANCD2 was detected in the nuclear fractions, its levels peaking at 4 h post-cisplatin treatment. Consistent with the data in Fig. 2, A and B , SMI#9 pretreatment reduced the cisplatin-induced nuclear monoubiquitinated FANCD2 (Fig. 2D ). The integrity of the subfractions was confirmed by cytoplasmic and nucleus-specific markers GAPDH and lamin A/C, respectively, and authenticated the validity of these data ( Fig. 2D ). Compared with the cisplatin group, lamin A/C levels were low at 0 and 4 h in SMI#9-pretreated fractions but showed delayed profound accumulation at 24 h with ϳ12-fold higher levels in SMI#9-pretreated cells as compared with the cisplatin group ( Fig. 2D ). However, despite the abundant levels of lamin A/C at 24 h in SMI#9-pretreated cells, the levels of monoubiquitinated PCNA, FANCD2, and ␥H2AX were clearly reduced in the 24-h SMI#9-pretreated cells as compared with cisplatin alone. If normalized for lamin A/C, this would only confirm further decreases in these proteins in the SMI#9-pretreated group. At this time, the reason for differential levels of lamin A/C in SMI#9-pretreated cells as compared with cisplatin alone is not clear but suggests potential alterations in the nuclear envelope.
To determine whether oxaliplatin resistance is also associated with RAD6-and RAD18-regulated PCNA and FANCD2 ubiquitinations, HCT116 and HCT116-OxR isogenic cells were exposed to 1 or 10 M oxaliplatin, respectively, for 0 -24 h, and whole-cell lysates were analyzed by western blotting. Whereas RAD18 was minimally expressed in parental (oxaliplatin-sensitive) HCT116 cells and only marginal increases were induced by oxaliplatin treatment, RAD18 was constitutively overexpressed in HCT116-OxR cells. RAD6 was marginally induced by oxaliplatin in parental HCT116 cells, whereas RAD6 was expressed at ϳ2-fold higher levels in HCT116-OxR cells as compared with the parental cells ( Fig. 2E ). Consistent with RAD6 pathway activation, mono-and polyubiquitinated PCNA were detected at 4 h post-oxaliplatin treatment in parental HCT116 cells. FANCD2 and ␥H2AX levels were similarly induced by oxaliplatin in parental HCT116 cells. Mono-and polyubiquitinated PCNA were constitutively expressed in HCT-116-OxR cells and persisted throughout oxaliplatin exposure. ␥H2AX was also constitutively expressed in HCT116-
Figure 2. RAD6 inhibition or depletion decreases PCNA ubiquitination and FANCD2 steady-state levels.
A and B, western blot analysis of the indicated proteins from MDA-MB-231 whole-cell lysates prepared from CDDP-treated cells with or without SMI#9 pretreatment (A) or two independent transfections with SMARTpool RAD6B siRNAs or nontarget (NT) siRNA (B). A replicate blot of PCNA analysis of SMI#9 suppression of CDDP-induced PCNA monoubiquitination is shown in A. C, indicated MDA-MB-231 lysates were immunoprecipitated with anti-PCNA antibody, and the immunoprecipitates and depleted supernatants were western-blotted (WB) with anti-ubiquitin antibody. Efficacy of PCNA immunoprecipitation was verified by reprobing the stripped blots with anti-PCNA antibody. Input lysates were analyzed for PCNA steady-state levels. Arrow indicates monoubiquitinated PCNA, and asterisks indicate the positions of heavy and light chains of IgG. Graph on the right shows the relative levels of monoubiquitinated PCNA in CDDP and SMI#9 ϩ CDDP-treated samples. D, western blot analysis of the indicated proteins in cytoplasmic and nuclear subfractions of MDA-MB-231 cells. E, western blot analysis of the indicated proteins in whole-cell lysates prepared from HCT116 or HCT116-OxR cells exposed to 1 or 10 M oxaliplatin, respectively. All protein profiles were captured by simultaneous analysis of the indicated proteins from 4 to 20%, 7 to 18% (PCNA blot in A), and 4 to 12% (PCNA immunoprecipitation) gradient gels.
OxR cells and persisted throughout oxaliplatin exposure, mirroring the PCNA ubiquitination profile. Monoubiquitinated FANCD2 was constitutively expressed in HCT116-OxR cells; however, prolonged oxaliplatin treatment caused a sharp decline in FANCD2 levels in HCT116-OxR cells ( Fig. 2E ). Induction of and constitutive up-regulation of RAD6/ RAD18 pathway proteins in oxaliplatin-sensitive and -resistant HCT116 isogenic cells, respectively, imply a role for the RAD6-RAD18 ubiquitination pathway in oxaliplatin resistance and importantly a general role for the RAD6 pathway in tolerance to platinating agents.
Nuclear localization of cisplatin-induced DNA repair proteins is impaired by RAD6 inhibitor
Because the western blotting data in Fig. 2D showed that SMI#9 pretreatment selectively affects the regulation and levels of ubiquitinated FANCD2 and PCNA in the nucleus, we examined the intracellular localization of RAD6, PCNA, and FANCD2 in MDA-MB-231 cells treated with cisplatin with or without SMI#9 pretreatment. As shown in Fig. 3A , FANCD2 is present in both the nucleus and cytoplasm of untreated cells, and cisplatin treatment resulted in FANCD2 relocalization and foci formation in the nucleus. In SMI#9-pretreated cells, the majority of anti-FANCD2 immunoreactivity was localized to the cytoplasm, and SMI#9 pretreatment compromised cisplatin-induced FANCD2 nuclear localization and foci formation (Fig. 3, A and D) . Treatment with cisplatin similarly promoted RAD6 nuclear localization compared with untreated control cells, and SMI#9 pretreatment hindered cisplatin-induced nuclear distribution as cells showed perinuclear localization of RAD6 as observed for FANCD2 ( Fig. 3, B and D) . SMI#9 induced similar decreases in PCNA nuclear localization ( Fig. 3 , A and B). Immunofluorescence analysis of ␥H2AX showed a dramatic increase in ␥H2AX nuclear foci in cisplatin-treated MDA-MB-231 cells, which was strongly inhibited and replaced by diffuse cytoplasmic anti-␥H2AX reactivity in SMI#9-treated cells (Fig. 3, C and D) . These data are consistent with the results from subcellular fractionation analysis that showed SMI#9induced selective decreases in nuclear ␥H2AX and monoubiquitinated FANCD2 and PCNA proteins ( Fig. 2D ), further corroborating a role for RAD6 in platinum-induced damage response.
RAD6 is required for overcoming replication blocks induced by cisplatin
Our data from analysis of cisplatin-induced DNA damage response indicated the involvement of RAD6 in PCNA and FANCD2 monoubiquitinations that serve as surrogate markers of PRR/TLS and FA pathway activation, respectively. To confirm whether the tolerance or intrinsic resistance of MDA-MB-231 breast cancer cells to cisplatin involves RAD6-mediated PRR/TLS, we compared the restart of stalled replication forks in cells with and without SMI#9 pretreatments by using the DNA fiber assay (35) . Vehicle or SMI#9-pretreated MDA-MB-231 cells were first pulse-labeled with IdU, treated with cisplatin, and then washed and pulse-labeled with CldU ( Fig. 4A ). Replication fork restart was quantified by determining the total number of IdU-labeled replication foci colabeled with CldU. Control and cisplatin-treated MDA-MB-231 cells showed fibers with similar numbers of contiguous IdU and CldU signals indicating resumption of DNA synthesis or replication fork restart (Fig. 4, B and C) . In SMI#9-treated cells, CldU signals were reduced when compared with control (p Ͻ 0.05), and restart of cisplatin-stalled replication forks was also significantly impaired in SMI#9-pretreated cells (p Ͻ 0.01) ( Fig. 4, B and C).
The impact of RAD6 inhibition or silencing with SMI#9 or RAD6B siRNA, respectively, on global DNA replication restart was assessed in MDA-MB-231 cells after release from cisplatin treatment. Cells pretreated with SMI#9 or transfected with Smartpool RAD6B siRNAs (or the corresponding controls) were pre-labeled with IdU, treated with cisplatin, and then post-labeled with CldU. Cells were fixed, and after denaturation the cells were immunostained with IdU and CldU antibodies. Whereas vehicle-treated or nontarget siRNA-transfected cells demonstrated strong IdU/CldU contiguous labeling, SMI#9-treated or RAD6B-depleted cells showed a significant reduction in CldU-labeled cells, which was exacerbated by cisplatin treatment (Fig. 4, D-F) . In the majority of these cells, the stalled IdU-labeled replication forks were not restarted as they showed negligible incorporation of CldU. Consistent with robust repair capacity of MDA-MB-231 cells, cisplatin DNA adduct levels were greatly reduced by 24 h post-CDDP recovery in control cells. Pretreatment with SMI#9 prevented the decrease of DNA adducts out to 72 h post-CDDP recovery (Fig. 4G) . These data provide mechanistic support for the role of RAD6 in repair of cisplatininduced ICLs and the enhanced sensitization of cells to platinum drugs by RAD6 inhibition (Fig. 1) .
RAD6 inhibitor SMI#9 inhibits DNA synthesis in mid/late-S phase
Our data from Fig. 4 , C and F, show that RAD6 inhibition or deficiency reduces restart of replication forks in cisplatin-resistant MDA-MB-231 cells. As RAD6 is maximally expressed in late-S phase of the cell cycle (21) , sequential IdU/CldU pulselabeling experiments were performed on control or SMI#9-pretreated cells with or without cisplatin treatment as in Fig. 4A to determine whether RAD6 deficiency affected DNA synthesis in early-and/or mid/late-S phase cells. Cells were fixed and stained with antibodies to IdU and CldU and analyzed by fluorescence microcopy. Representative cells showing the different patterns associated with DNA synthesis in early-and mid/ late-S phases are shown in Fig. 5A . In early-S phase cells, numerous replication foci are evenly distributed throughout the nucleus, whereas mid-S phase cells are characterized by distribution of replication foci around the periphery of the nucleus and in the nucleolar regions (36) . Late-S phase cells have few large replication foci that correspond to the replication of heterochromatic regions (36) . Because the MDA-MB-231 cells used here contained only a very small population of late-S phase cells, and because late-S-and mid-S-labeling patterns are sometimes difficult to distinguish, they were scored together. Incorporation of CldU and IdU nucleotides was measured by ImageJ as the ratio of mean pixel densities of CldU to IdU for each cell (indicated by the numbers on the right in Fig.  5A ). No significant differences in CldU incorporation into early-S-or mid/late-S phase cells of cisplatin-treated cells were observed as these cells showed comparable labeling intensities for both nucleotides in the merged images (Fig. 5, A and B) . Pretreatment with SMI#9 significantly decreased CldU incorporation into replication foci of mid/late-S phase cells as compared with the control cells (control versus SMI#9, p ϭ 0.0331; control versus SMI#9 ϩ cisplatin, p ϭ 0.0025), whereas DNA synthesis in early-S phase cells was minimally affected by SMI#9 treatment (Fig. 5, A and B) . The decreases in mid/late-S phase DNA synthesis in SMI#9-treated cells were not due to a decrease in the numbers of cells in mid/late-S phases as ϳ1.6 -3.0-fold higher numbers of mid/late-S phase cells as compared with early-S phase cells were observed in the SMI#9 groups (Fig. 5C ). Approximately 20 cells for each parameter were analyzed, and our data show that SMI#9 pretreatment preferentially impairs S phase progression in the mid/late-S phase.
Cisplatin-induced FANCD2, PCNA, and POL foci formation are weakened by RAD6B deficiency
Our data from Fig. 2 showed that treatment with SMI#9 or RAD6B siRNA results in a decrease in cisplatin-induced PCNA and FANCD2 monoubiquitinations and overall steady-state levels of FANCD2. During repair of ICLs, FANCD2, PCNA, and TLS DNA POL play important roles in restart of replicating forks at the damage site (37) . Formation of FANCD2 foci is suggested to mark the site of cisplatin damage in the chromatin and in combination with PCNA and TLS polymerase POL to play a role in resolution of stalled replication forks (38, 39) . To verify whether the failure to restart stalled replication forks in RAD6B-deficient cells is related to defective FANCD2, PCNA, and/or POL foci formation, MDA-MB-231 cells were co-immunostained with FANCD2 and POL or POL and PCNA antibodies. PCNA and POL foci formation and colocalization were strongly induced by cisplatin in nontarget siRNA control cells but exhibited diffuse immunoreactivities in RAD6B-depleted cells (Fig. 6, A and D) . Similarly, untreated nontarget and RAD6B siRNA cells showed, albeit weakly, stained FANCD2 and POL foci (Fig. 6, C and D) . Cisplatin treatment induced robust FANCD2 and POL foci formation and colocalization in nontarget siRNA control cells; however, this was impaired in RAD6B-deficient cells (Fig. 6, C and D) . Immunofluorescence staining with anti-RAD6 antibody verified a decrease in RAD6B caused by Smartpool RAD6B siRNAs (Fig. 6B ). Because phosphorylation of histone H2AX is required for FANCD2 recruitment to the site of DNA damage (35) and our data showed that RAD6 inhibition attenuates FANCD2 and ␥H2AX foci formation (Fig. 3, A and C) , we investigated the recruitment of ␥H2AX to sites of replication fork restart marked by CldU incorporation. MDA-MB-231 cells exposed to cisplatin with or without SMI#9 pretreatments were post-labeled with CldU, and cells were immunostained with anti-␥H2AX and anti-CldU antibodies followed by incubation with Texas Red-and FITCconjugated secondary antibodies, respectively. Although control and cisplatin-treated cells effectively incorporated CldU, only cisplatin-treated cells exhibited discrete ␥H2AX/CldU foci colocalization (Fig. 6, E and F) . SMI#9 pretreatment reduced ␥H2AX/CldU foci formation and colocalization (Fig.  6, E and F) . This effect was dramatically exacerbated with SMI#9 ϩ cisplatin treatment, suggesting the involvement of RAD6 in cisplatin-induced recruitment of DNA damage-response proteins and repair.
SMI#9 inhibits in vivo tumor growth and enhances cisplatin sensitivity
We have previously shown that SMI#9 decreases colony formation and survival of MDA-MB-231 triple-negative breast cancer cells ( Fig. 1) (29) . To determine whether SMI#9 pretreatment influences the ability of cancer cells to develop tumors, MDA-MB-231 cells were treated overnight with SMI#9, cisplatin, a combination of SMI#9 and cisplatin, or vehicle. 5 ϫ 10 6 viable cells assessed by trypan blue exclusion staining were implanted into the inguinal mammary fat pads of immunodeficient female nude mice. Tumors arising from SMI#9-treated cells were significantly growth-inhibited as compared with vehicle controls (p Ͻ 0.001) (Fig. 7, A and C) . Cells treated with cisplatin prior to in vivo implantation were also significantly growth-inhibited, and cells exposed to SMI#9 ϩ cisplatin combination showed dramatic inhibition of tumor development (Fig. 7, A and C) . Consistent with these data, hematoxylin and eosin (H&E) staining showed increased angiogenesis (a factor causally associated with tumor progression) ( Fig. 7B , control, arrow) and regional lymph node metastasis in control xenografts. H&E analysis of xenografts derived from SMI#9 and cisplatin-treated cells showed the presence of apoptotic ( Fig. 7B, short arrow) and necrotic cells as well as cells with abnormal nuclear morphology that is characteristic of mitotic catastrophe (Fig. 7B, long arrow) . Immunohistochemical analysis showed robust nuclear staining for PCNA in control xenografts (Fig. 7D, top right) , whereas PCNA immunoreactivity was reduced and diffusely localized in the cytoplasm of SMI#9-treated xenografts (Fig. 7D, bottom right) . RAD6 staining was detected in both the nuclear and cytoplasmic compartments of control xenografts (Fig. 7D, top left) , although it was detected predominantly in the cytoplasm of SMI#9 xenografts (Fig. 7D, bottom left) .
To evaluate the therapeutic responses of MDA-MB-231-derived tumors to SMI#9, cisplatin, or SMI#9 ϩ cisplatin, 5 ϫ 10 6 MDA-MB-231 cells were implanted into the axillary or inguinal mammary fat pads of female nude mice, and treatments with vehicle, cisplatin, SMI#9, or SMI#9 ϩ cisplatin were initiated when the lesions were ϳ150 mm 3 . Compared with controls, MDA-MB-231 tumors responded poorly to cisplatin or SMI#9 given individually; however, in mice that received a combination of SMI#9 and cisplatin, tumor growth was significantly inhibited as compared with cisplatin, SMI#9, or vehicle controls (p Ͻ 0.0001, one-way ANOVA) (Fig. 7, E and F) . H&E staining showed vascularized tumors in control and cisplatintreated animals. Tumors from the SMI#9-treated group showed the presence of apoptotic (Fig. 7H, long arrow) and multinucleated giant cells (Fig. 7H, short arrow) , which were enriched in the tumors derived from SMI#9 and cisplatin combination treatments (Fig. 7H, long and short arrows) . Lymph node metastasis seen in control and cisplatin-treated mice were inhibited in mice treated with SMI#9 and cisplatin combinations (supplemental Fig. 1 ). Consistent with our data in Figs. 1  and 2 , western blot analysis of tumor lysates showed PCNA monoubiquitination in cisplatin-treated mice but not in control or SMI#9-treated mice (Fig. 7G ). RAD6 protein levels were marginally induced in tumors from cisplatin-treated mice, but no consistent treatment-induced alterations in RAD18 and FANCD2 levels were observed (Fig. 7G) . These in vivo data confirm in vitro data in Figs. 1 and 2 , and the data provide further support for an important role for RAD6 in tumor growth and progression and the therapeutic potential of SMI#9 in sensitizing cisplatin-resistant tumors and inhibiting tumor growth.
Discussion
In this study, we present evidence to support a critical role for RAD6 in repair of platinum compound-induced DNA damage and the potential therapeutic impact of SMI#9, a RAD6-selective small-molecule inhibitor, in sensitization of triple-negative breast cancer cells to cisplatin. Using a mismatch repair deficient HCT116 colon cancer isogenic model of oxaliplatin resistance, we also show that the RAD6 pathway is constitutively up-regulated in oxaliplatin-resistant cells, and their oxaliplatin sensitivity is enhanced by RAD6 inhibition. This chemosensitization by SMI#9 or RAD6B siRNA is associated with attenuation of platinum-induced PCNA and FANCD2 ubiquitinations, surrogate markers of TLS and FA pathway activation, respectively, providing support for the importance of RAD6 catalytic activity in ICL repair and tolerance of platinum-based drugs. These data are in agreement with those of Song et al. (28) who showed regulation of these events by the ubiquitin ligase RAD18, an enzyme whose activity requires the ubiquitin-conjugating catalytic activity of RAD6.
␥H2AX and FANCD2 participate in the same pathway in response to ICL damage (40) , and ␥H2AX foci and FANCD2 activation provide an indirect measurement of DSBs (41) . Our data show that ␥H2AX, FANCD2, and PCNA ubiquitinations are concurrently activated during cisplatin-induced damage response, and RAD6 inhibition attenuates all these events. This is further corroborated by not only the failure to form ␥H2AX and FANCD2 nuclear foci in SMI#9-treated cells but also by the localization of ␥H2AX, FANCD2, and RAD6 immunoreactivities in the nuclear periphery and cytoplasm of RAD6-inhibited cells. ␥H2AX is regarded as a canonical marker for DSBs; however, the decrease in ␥H2AX levels and foci noted in our study corresponds to a collapse rather than a completion of repair as evidenced by decreased repair of cisplatin-DNA adducts in SMI#9-treated cells. This is further supported by our data that show RAD6 inhibition hampers cisplatin-induced colocalization of ␥H2AX with CldU-labeled replication fork restart sites, implicating a central role for RAD6 in assembly/recruitment of repair factors and ICL processing. Subcellular fractionation analysis showed that cisplatin-induced monoubiquitinated FANCD2 peaks before monoubiquitinated PCNA, a key event for the recruitment of TLS polymerases (11, 12, 27, 28) . SMI#9 decreased the levels of both cisplatin-induced FANCD2 and PCNA ubiquitinations, indicating that RAD6 catalytic activity is required for these modifications but that RAD6-induced PCNA monoubiquitination is not a prerequisite for FANCD2 activation. These findings are in agreement with Fu et al. (39) who demonstrated a rise in monoubiquitinated FANCD2 prior to monoubiquitinated PCNA. Studies using replication-competent Xenopus cellfree extracts similarly showed that TLS events occur distal to FANCD2-FANCI activation when replication forks converge on ICLs (42), but they differ from others that showed PCNA ubiquitination is a prerequisite for RAD18-induced FANCD2 monoubiquitination (28) .
We have taken advantage of IdU and CldU thymidine analogs to analyze the effects of RAD6 inhibition or depletion on DNA replication during and after replication stalling with cisplatin (43) . Consistent with the intrinsic cisplatin resistance of BRCA1 wild-type MDA-MB-231 cells, these cells efficiently resume DNA replication after exposure to cisplatin; however, this is strongly impeded by RAD6 inhibition or silencing. IdU and CldU incorporation experiments also revealed that the DNA replication inhibition by SMI#9 or RAD6B siRNA is selective to mid-S/late-S phase cells. Replication of heterochromatin segments occurs in late-S phase (44) , and inhibition of heterochromatin replication may be critical due to their temporal proximity to mitosis and increased susceptibility to mutagenic damage because of their location at the nuclear periphery (45) . The proportion of HR decreases as cells progress to late-S and G 2 phases (46), whereas RAD6 is maximally expressed in late-S/G 2 phases of the cell cycle (21) , and SMI#9 induces G 2 /M arrest in human breast cancer cells (29) , providing further support for an important role for RAD6 in synthesis of DNA in late-S phase. Although IdU was efficiently incorporated in initial DNA labeling, continuation of DNA synthesis as measured by CldU incorporation was reduced in both SMI#9 and RAD6B siRNA cells, albeit more severely in RAD6B siRNA cells. These data suggest that RAD6 is not required for initiation of DNA synthesis but is necessary for replication progression in heterochromatin. Because the impact on DNA replication progression was more severe with RAD6B siRNA as compared with SMI#9, it is plausible that RAD6 may have other roles that are independent of its catalytic activity. Our data also suggest that the intra-S checkpoint activated by cisplatin-induced DNA damage in BRCA1 wild-type breast cancer cells is not robust but is strengthened in mid/late-S phase by the RAD6 inhibitor. TLS occurs both in S and G 2 phases of the cell cycle (47) and is dependent upon the activity of damage-induced PCNA monoubiquitination by RAD6/RAD18 (11, 12) . Monoubiquitination of PCNA plays a critical role in switching replicative polymerases with Y family TLS polymerases POL , POL , POL , or POL (48) . We analyzed POL recruitment into foci formation as it has the highest affinity for PCNA and is the first TLS polymerase that is recruited to stalled replication forks to initiate nucleotide insertion at the damaged template (49) . Consistent with the decreases in cisplatin-induced PCNA and FANCD2 ubiquitinations in RAD6-inhibited or RAD6B-depleted cells, the robust PCNA, FANCD2, and POL foci signals induced by cisplatin in control cells were dramatically reduced in RAD6B siRNA cells. RAD18 is the primary RAD6-regulated E3 ligase implicated in TLS. However, recently Hung et al. (50) reported that monoubiquitination of histone H2B facilitates lesion bypass and fork recovery. Because RAD6 catalytic activity is also required for Bre1 E3 ligase-regulated histone H2B monoubiquitination, these data further substantiate the importance of RAD6 in fork recovery and gap-filling repair following damage.
Clinical data suggest that patients with defects in BRCA1 and BRCA2 have better overall responses to platinum-based therapies because of the critical roles these proteins play in homologous recombination repair of cisplatin-induced DNA damage (51) (52) (53) (54) . The augmentation of BRCA1 wild-type breast cancer cell cisplatin sensitivity by RAD6 inhibition not only supports the important role of RAD6/TLS in platinum-induced ICL repair and tumor survival but also brings to light the potential therapeutic advantage of leveraging this target for treatment of HR-competent triple-negative breast cancers (supplemental Fig. 2 ).
Experimental procedures
Cell culture
MDA-MB-231 human triple-negative breast cancer cells and HCT116 human colon cancer cells were purchased from American Type Culture Collection and maintained in Dulbecco's minimal essential medium/F-12 (Invitrogen) supplemented with 5% fetal bovine serum. Both cell lines were authenticated by ATCC by short tandem repeat DNA profiling. Cells were expanded, and multiple aliquots were cryopre- Figure 6 . Loss of RAD6 impedes cisplatin-induced recruitment and colocalization of DNA damage-response proteins. MDA-MB-231 cells transiently transfected with NT or SMARTpool RAD6B siRNAs were treated overnight with CDDP, fixed, and immunostained for POL (green) and PCNA (red) (A), RAD6 (green) (B), or POL (green) and FANCD2 (red) (C). Representative images from a typical experiment are shown. Scale bars, 10 m. D, cells with Ͼ5 colocalized foci in NT and RAD6B siRNA-transfected cells were scored from ϳ30 cells in four to six fields, and data were analyzed by two-tailed Student's t test. E, vehicle or SMI#9 pretreated MDA-MB-231 cells were exposed to CDDP followed by post-labeling with CldU. Cells were fixed and immunostained for CldU (green) and ␥H2AX (red). Scale bar, 10 m. F, cells were analyzed by ImageJ for ␥H2AX/CldU foci colocalization from ϳ30 cells in five to nine fields, and data were analyzed by two-tailed Student's t test. Representative images from a typical experiment are shown.
served. Cells were used within 10 -15 passages or within 3 months.
To generate the isogenic model of acquired oxaliplatin resistance, HCT116 cells were exposed to gradually increasing concentrations of oxaliplatin to select HCT116 cells capable of tolerating 10 M oxaliplatin (HCT116-OxR cells).
Cell survival assays
MDA-MB-231, parental HCT116, or HCT116-OxR cells were seeded at 2500 -5000 cells/well in 96-well dishes, and the sensitivities of MDA-MB-231 cells to cisplatin or HCT116 and HCT116-OxR cells to oxaliplatin were measured at the indi-RAD6 and chemoresistance cated doses. To determine effect of the RAD6-selective smallmolecule inhibitor SMI#9 (29) on cisplatin or oxaliplatin responses, cells were pretreated overnight with 5 M SMI#9 (29) or vehicle prior to addition of cisplatin (MDA-MB-231) or oxaliplatin (HCT116-OxR). For depletion of RAD6B, cells were transfected with 20 pmol of SMARTpool containing four RAD6B-specific siRNAs or nontarget siRNA (described below) and treated with cisplatin. Cell viability was assessed at 72 h by MTT assay and RAD6 expression by western blot analysis. Experiments were done in quadruplicates and results expressed from at least two independent experiments.
Colony formation assays
MDA-MB-231 cells were treated with vehicle, SMI#9, cisplatin, or a combination of SMI#9 and cisplatin for 24 h and replated at 100 cells per well in 24-well plates for colony formation. HCT116-OxR cells maintained in 10 M oxaliplatin were treated with vehicle or SMI#9 and reseeded at 400, 200, 100, or 10 cells per well in 24-well plates. Colony formation was detected by crystal violet staining and assessed with GelCount TM Oxford Optronix and CHARM algorithm with a minimum diameter of 100 m set as the threshold for colony classification. Colony-forming efficiency was expressed relative to control cells.
DNA damage-response assays
MDA-MB-231 cells were treated with cisplatin (10 M) for 4 h, washed, and allowed to recover in drug-free media for 0 -24 h. To assess the involvement of RAD6 in cisplatin-induced damage response, cells were either pretreated with 5 M SMI#9 (or vehicle) or transfected with 20 pmol of SMARTpool RAD6B siRNAs or nontarget siRNA prior to cisplatin treatment. Cells were lysed at various times of recovery for immunoblot analysis.
RAD6B knockdown with siRNA
siRNA-targeting RAD6B/UBE2B (On-Target Plus SMARTpool containing four siRNAs: GGAAUGCAGUUAUAU-UUGG; GAACCGAAUCCUAACAGUC; GAGUUUCGGC-CAUUGUUGA; and UAGAUAUCCUUCAGAAUCG) was obtained from Dharmacon (Lafayette, CO). Control siRNA (UUCUCCGAACGUGUCACGU) was obtained from Qiagen, Inc. (Valencia, CA). Transfections were performed with 20 pmol of siRNA and Metafectene SIϩ (Biontex Laboratories GmbH, Germany).
Immunoblot analysis
Cisplatin-or oxaliplatin-treated cells were lysed in Triton X-100 lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl, pH 7.4) supplemented with protease inhibitor mixture (Roche Applied Science) and 1 mM PMSF, sodium orthovanadate, and sodium pyrophosphate. Protein-matched aliquots were subjected to SDS-PAGE and immunoblot analysis of RAD6 (19) , PCNA (Dako, CA), FANCD2 (Novus Biologicals, CO), ␣-tubulin (Sigma), ␤-actin (Sigma), ␥H2AX (BioLegend, CA), and RAD18 (Imgenex Corp., CA). We previously demonstrated that the RAD6B gene is overexpressed in breast cancer by transcript sequencing and RAD6B shRNA transfections (19, 55) . However, because the peptide we used to generate RAD6B antibody is conserved 91% in human RAD6A, the RAD6 proteins detected by our antibody will not distinguish RAD6A and RAD6B proteins (19) . Hence, the immunoreactive RAD6 detected from immunoblot and immunostaining is referred to as RAD6 rather than RAD6A or RAD6B. To isolate the observed changes to RAD6B, transfections were performed with RAD6B -specific siRNAs and analyzed by western blotting or immunostaining with the anti-RAD6 antibody. For analysis of cell subfractions, cells were lysed using a cytosolic/nuclear protein fractionation kit (MBL International). For PCNA ubiquitination analysis, lysates were subjected to immunoprecipitation with anti-PCNA or corresponding normal IgG, and captured immune complexes were analyzed by immunoblotting with anti-ubiquitin antibody. The membranes were stripped and reprobed with PCNA antibody to verify the PCNA inputs in the samples.
Immunofluorescence staining
MDA-MB-231 cells transfected with SMARTpool RAD6B siRNAs (or nontarget siRNA) or treated overnight with SMI#9 prior to cisplatin treatment were fixed in 10% buffered formalin and permeabilized with methanol/acetone (1:1, v/v). Slides were incubated with RAD6/PCNA, FANCD2/PCNA, PCNA/POL (Abcam, MA), FANCD2/POL , or ␥H2AX antibodies followed by FITC-and Texas Red-conjugated rabbit and mouse secondary antibodies, respectively (Molecular Probes). Nuclei were counterstained with 4Ј,6-diamidino-2-phenylindole (DAPI). Slides were also stained in the absence of primary antibody or with isotype-matched nonimmune IgG to assess nonspecific reactions. Images were collected on an Olympus BX60 microscope equipped with a Sony high resolution/sensitivity CCD video camera and SlideBook software. The results shown are representative of data collected from ϳ30 -75 cells in three to five fields and two independent experiments. 
DNA fiber assay for DNA replication restart studies
Exponentially growing MDA-MB-231 cells were pulsed with 200 M IdU for 45 min, washed with PBS, and pulsed with 200 M CldU for 45 min (56) . To analyze the effect of cisplatin on replication restart, IdU-labeled cells were treated with 5 M cisplatin (or vehicle) for 1 h, washed, and pulsed with CldU. To determine the role of RAD6 in replication fork-restart following cisplatin-induced damage, cells were pretreated with 1 M SMI#9 or vehicle for 12 h prior to IdU/CldU labeling and cisplatin treatment. To prepare DNA fiber spreads, cell suspensions were spotted onto glass slides and mixed with lysis buffer (100 mM Tris-HCl, pH 8, 50 mM EDTA, 1% SDS) for 5 min (56) . Slides were tilted to spread the suspension, and the air-dried DNA spreads were fixed in methanol/acetic acid (3:1, v/v). For immunostaining, slides were rinsed with PBS, and DNA was denatured with 1.5 N HCl for 45 min at room temperature. Slides were washed and incubated in 5% BSA blocking buffer prior to incubation with mouse anti-IdU (Pierce) and rat anti-CldU (Pierce) antibodies and corresponding Texas Red-or FITC-conjugated secondary antibodies. Images were taken from randomly selected fields of untangled DNA fibers and analyzed by ImageJ software. Approximately 35-75 individual fibers were analyzed for each experiment, and the average of three independent experiments was presented.
Immunofluorescence staining of replication foci
MDA-MB-231 cells were labeled with 100 M IdU and CldU as described above for DNA fiber analysis. Cells were transfected with SMARTpool RAD6B siRNAs (or nontarget siRNA) or treated with SMI#9 prior to IdU/CldU labeling and cisplatin treatments. Cells were fixed in methanol/acetone (1:1, v/v), and DNA denaturation and immunostaining were performed as described for DNA fiber analysis. Approximately 35-75 cells were analyzed for each experiment, and the average of three independent experiments was presented. For localization of ␥H2AX with CldU nucleotide, CldU-labeled cells were fixed in methanol/acetone, blocked with 5% BSA, and incubated with anti-␥H2AX antibody. Slides were washed and incubated with Texas Red-conjugated anti-rabbit antibody. To stain CldU nucleotide, slides were fixed in 4% paraformaldehyde, 0.2% Triton X-100, DNA-denatured, and stained with anti-CldU antibody as described above. Approximately 30 cells from five to nine fields were analyzed for CldU/␥H2AX foci colocalization by ImageJ.
Measurement of cisplatin DNA adduct removal
The repair kinetics of cisplatin DNA adducts was assessed by ELISA using an anti-cisplatin modified DNA antibody (clone CP9/19, Abcam) (57) . Genomic DNA isolated at various times of recovery from MDA-MB-231 cells exposed to cisplatin with or without SMI#9 pretreatment was coated on 96-well DNA-BIND ELISA plates in triplicate and blocked with 2% rabbit serum prior to incubation with CP9/19 antibody. Plates were washed, incubated with HRP-conjugated goat anti-rat antibody, and developed with ultra-3,3Ј,5,5Ј-tetramethylbenzidine (Pierce). Absorbance was measured at 450 nm. The percentages of DNA adducts were calculated relative to the 0-h time point that was set at 100% (58) .
Orthotopic tumor growth assays
MDA-MB-231 cells were treated overnight with vehicle, SMI#9 (5 M), cisplatin (10 M), or SMI#9 ϩ cisplatin, and 5 ϫ 10 6 cells suspended in 100 l of Matrigel were injected orthotopically into the fat pads of the inguinal mammary glands of female nude mice. Mice were sacrificed at 41 days postimplantation. To assess the therapeutic responses of tumors to SMI#9, cisplatin, or a combination of SMI#9 and cisplatin, 5 ϫ 10 6 MDA-MB-231 cells were orthotopically implanted into the axillary or inguinal mammary gland fat pads. When the tumors reached ϳ150 mm 3 , mice were randomly assigned to the following groups: vehicle control, cisplatin (4 mg/kg body weight, once/week, intraperitoneal), SMI#9 (2.5 mg/kg body weight, twice/week, intratumoral), or a combination of SMI#9 and cisplatin. Tumors were measured with calipers twice a week and tumor volumes calculated using the formula (length ϫ width 2 / 2). Mice were sacrificed at 24 days postimplantation 2 days after the last administration, and tumor growth inhibition (a measure of anti-tumor effectiveness) was calculated using the mean tumor burden mass for each group. The in vivo studies were conducted in accordance with the institutional animal care and use committee (IACUC) guidelines of Wayne State University. Excised tumors were either sonicated in lysis buffer supplemented with protease and phosphatase inhibitors for western blot analysis of RAD6, RAD18, PCNA, FANCD2, and ␤-actin, or fixed and paraffin-embedded for histological analysis. Fourmicron sections were stained with hematoxylin and eosin (H&E) or incubated with anti-RAD6 (19) or anti-PCNA antibodies followed by the appropriate biotinylated secondary antibody and HRP-conjugated streptavidin (Vector Laboratories). Nuclei were counterstained with hematoxylin. Control sections were stained with corresponding normal IgG or secondary antibody only.
